This study presents a path planning method for a mobile robot to be effectively operated through a multi-objective decision making problem. Specifically, t he p roposed F uzzy analytic hierarchy process (FAHP) determines an optimal position as a sub-goal within the multi-objective boundary. The key features of the proposed FAHP is evaluating the candidates according to the fuzzified relative importance among objectives to select an optimal solution. In order to incorporate FAHP into path planning, an AHP framework is defined, which includes the highest level (goal), middle level (objectives), and the lowest level (alternatives). The distance to the target, robot's rotation, and safety against collision between obstacles are considered as objective functions. Comparative results obtained from the artificial potential field and AHP/FAHP simulations show that FAHP is much preferable for mobile robot's path planning than typical AHP.
making methods, is applied. Specifically, AHP provides a comprehensive and rational framework to 81 structure a decision making process to quantify its objectives, relate the objectives into overall goals, 82 and evaluate alternative solutions [13] . In order to implement AHP, it is necessary to standardize the 83 problem as hierarchies. In the AHP, the highest level of the hierarchy corresponds to the overall goal, 84 and the lowest level corresponds to a list of alternatives (candidates). Problem initiator determines the 85 relative importance of objectives, and all candidates are evaluated based on objectives. Subsequently, 86 an alternative with the maximum value is selected as a solution. AHP based decision making complies 87 with the following procedures as stated in Table 1. 88 Table 1 . AHP decision making process.
Problem analysis
Generation of the hierarchy structure Relative importance of the objectives Weight importance calculation Evaluation of the consistency indexes for objectives Evaluation of alternatives w.r.t each objective
The first step is to involve an analysis of the problem wherein the purpose of the problem to 89 be solved, the objectives considered, and the alternatives suggested are defined. Thus, three main 90 hierarchies, namely goal, objectives, and alternatives are composed as in Figure 1 . Following the generation of the AHP structure, the preferences (or priority among the entries) are 92 determined based on the importance of each objective. In the AHP framework, a pairwise comparison 93 scale is given in accordance with a previous study [11] to define a relative importance matrix (RM). A 94 scale is defined from 1 to 9 with the relative importance of an objective. Table 2 shows the pair-wise 95 comparison scale in forming an RM.
96 Table 2 . Pairwise comparison scale [14] Intensity Of Importance Definition 1 Equal importance of elements 3
Moderate importance of one element relative to another 5
Strong importance of one element relative to another 7
Very strong importance of one element relative to another 9
Extreme importance of one element relative to another 2, 4, 6, 8 Intermediate values between two adjacent judgements Specifically, O n represent the n-th objectives. When three objectives are considered, the RM is 97 formalized by using the following structure:
(1) obtain a weighted objective matrix, the RM is normalized according to equation (2) as follows:
Thus, as an example, O norm(23
where i = 1, 2, 3, Λ, n and n denotes the number of objectives.
101
The average of each row of equation (2) corresponds to the weighted objective matrix that is expressed 102 as follows:
where W obj denotes a 1 × n row vector. The weighted objective matrix shows the importance of each 104 objective that is derived from the preference for each objective.
105
However, the weight objective matrix could be inappropriate [14] . Therefore, consistency of 106 relative importance matrix should be examined because of the limitation of Saaty's discrete 9-value 107 scale and the inconsistency of human's judgements. Saaty [13] proposed a method to measure the 108 inconsistency. Saaty [14] proved that the largest eigenvalue of the RM is equal to the size of the matrix, 109 i.e., λ max = n, under perfect consistency. It is also possible to estimate the departure from consistency 110 by the consistency index (CI). Therefore, the CI is defined as follows:
After obtaining the CI value, it is divided by the random consistency (RC) index given in Table 3 112 to obtain the consistency ratio (CR) as follows: After the consistency is investigated, the given alternatives are evaluated with respect to each 117 objective. The alternative based objective evaluation matrix is given as follows:
where O i (A l ) represents the value of l th alternative when the i th objective is considered, and i = 119 1, 2, Λ, γ, m = 1, 2, Λ, γ, where γ denotes the number of alternatives. Additionally, the same process of 5 of 16 equations (2) -(3) is used to obtain normalized matrices and the weighted alternative matrices of each 121 corresponding objectives. The normalized form of (6) is defined as follows:
Weighted alternative matrix of each objective is obtained by using the following equation:
All functions are considered to obtain the following weighted alternative matrix:
A optimal function with the highest value is derived by multiplying the two resulting matrices (3) and 125 (9) composed of weights as follows:
AHP-based mobile robot path planning framework 127
This section discusses an application of AHP to a mobile robot path planning. Prior to an analysis, 128 it is assumed that the goal position and robot's position in global map (working space) are broadcast.
129
Furthermore, in the mobile robot working space, a few obstacles (can be a person or objects) are 130 randomly located such that it is not possible to specify the position. The goal involves determining 131 an optimal waypoint within the sensor's field of view (FOV). To determine an optimal position, 132 three objectives including distance to the target O 1 , angle to the target O 2 , and safety margin O 3 are 133 considered. The alternatives for the FOV of a laser range finder (LRF) are given as follows:
x P n = x r + r s cos(P n ),
y P n = y r + r s sin(P n ), Thus, the relative importance matrix among objectives is given as follows:
Following process is to calculate a weighted objective matrix (W obj ) and the consistency index of the 144 W obj . Then the consistency is evaluated according to equations (4)-(5). In the given relative importance 145 matrix, the consistency ratio (CR=0.0079<0.1) satisfies an appropriate measure for the consistency. The 146 next step involves evaluating all the candidates (alternatives, P n ) with respect to the objectives, namely 147 O 1 , O 2 , and O 3 . As shown in Figure 2 , different angles exhibit different distances, robot rotation angles, 148 and safety margins. The first objective is the distance to the target, (x t , y t ,θ t ), and it is expressed as 149 follows:
Subsequently, the RM of O 1 is given by the following expression:
The 1 × n row vector weighted matrix, W alter (O 1 ), is obtained based on equations (2)-(3).
151
The second objective is the angle to the target and is expressed as follows:
The final objective corresponds to the safety margin. Figure 3 depicts the situation when the 153 mobile robot encounters obstacles. zone, starting angle of the n − th safety zone, and ending angle of the n − th safety zone, respectively.
157
The basic idea of obtaining the safety margin involves utilizing the Gaussian function on two angles 158 SZ na , and SZ nb as follows:
where SM denotes the safety margin, A n = rP n denotes arc length of n − th alternative, and r denotes 160 the sensing range of the robot's distance sensor. For convenience, C n = A n − rθ min is defined.
161
Given the three aforementioned objectives, all the alternatives are evaluated, and the weighted 162 matrices for each objective are obtained as shown in equation (9) and an alternative that satisfies 163 equation (10) is selected as the solution. In the manufacturing line, short traveling distance is sometimes an essential factor to improve productivity. Therefore RM is defined based on the notion that the distance to the target is four times more important than the rotation and six times the safety, and the rotation is twice as important as the safety. Therefore the RM is defined as
The second case is designed to place safety first over other objectives. It is assumed that distance to the target and rotation are the same priority, safety is four times more important than distance to the target, and safety is four times more important than rotation. The RM safety is defined as
The simulation is conducted utilizing equation (1)- (17). During the simulations, the total traveling 173 distance, safety score, and number of rotation steepness are investigated. It is because the traveling 174 distance helps to increase working efficiency, safety score ensures collision free operation, and the 175 number of steep turn is involved in the damage to the transporting material. Figure 5 (a) shows the 176 simulation result under RM dist . while Figure 5 ( 
Fuzzy based AHP

187
In this Section, Fuzzy based AHP (FAHP) is introduced and applied on mobile robot path planning 188 to improve the performance of the AHP. In the framework of AHP, the pairwise comparisons is defined 189 to select an optimal solution of given problem using Satty's nine-point scale. However, Kabir and 
where l ≤ m ≤ u. And l, m, andu represent the lower, middle, and upper value of M, respectively. 
201
Intensity Of Importance Definition
(1, 1, 1+d) Equal importance of elements (3-d, 3, 3+d) Moderate importance of one element relative to another (5-d, 5, 5+d) Strong importance of one element relative to another (7-d, 7, 7+d) Very strong importance of one element relative to another (9-d, 9, 9) Extreme importance of one element relative to another (x-d, x, x+d), x=2,4,6,8 Intermediate values between two adjacent judgements In order to implement FAHP, the following steps are required [24] . And all the following equations Using the triangular fuzzy number, RM, equation (1) is reformed as follows
where MF represents fuzzified relative importance matrix. According to equation ( 
where S i is the ith synthetic extent and MF j g i is triangular fuzzy number. The operator is defined as
•
Step 3: Calculation of priority vectors of fuzzy AHP
212
Once fuzzy synthetic extent is obtained, the vectors of weights under defined objectives is derived. By 213 the principle of the comparison of fuzzy numbers [32] , the degree of possibility of
and can be equivalently expressed as
where hgt and d represent the highest intersection point and x coordinate of the two fuzzy number as 216 shown in figure 9 . The degree of possibility for a convex fuzzy number to be greater than k convex fuzzy numbers M 1 (i = 1, 2, · · · , k) can be defined by
by assuming
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for k = 1, 2, · · · , n; k = i. Then the weight vector is given by
where A i (i = 1, 2, · · · , n) are n elements. By normalizing equation (27) the weight vector is given
6. Simulation II (FAHP based path planning) 218 In this Section, FAHP based mobile robot path planning is simulated on the same factory layout 219 environment to overcome the aforementioned shortcomings of AHP. As the first step, RM dist and 220 RM safety are converted to fuzzified relative importance matrices using equation (21). And FAHP 221 based weight vector is calculated by following equations (22)-(30). Then the multi-objective decision 222 making is conducted according to the equations (6)-(10). In Figure 9 , FAHP based simulation results 223 are displayed. It is shown that each of fuzzified RM plans different path. investigating items. The FAHP with the highest weight on distance performs shorter travel than the 228 other preference while the highest weight on the safety achieves the higher safety score than the other. 229 Figure 10 shows comparison path of the two path planning strategy. As with AHP, it is confirmed that 230 FAHP based path planning follows the user's intention well. 231 7. Simulation III (Artificial potential field based path planning) 232 In this Section, the performances of AHP and FAHP based path planning are compared with 233 conventional path planning strategy, artificial potential field (APF) [6] . Because the details of the APF 234 are explained well in [6] , this paper does not cover them. The basic idea of APF is generating a vector 235 for the robot to navigate by the summation of attractive field of the goal and the repulsive field of 236 the obstacles. Figure 11 show the simulation results with APF. And APF is composed with attractive 237 potential, repulsive potential, and potential field as shown in Figure 11 . The upper circle represents 238 starting position and the lower circle means the target. Table 5 indicates the performance comparison among AHP, FAHP, and APF. In most cases, AHP 240 and FAHP are superior performance in traveling distance and the number of steep turns. When the 241 navigation performances of AHP and FAHP are compared. FAHP dist travels shorter than AHP dist . FAHP is utilized for path planning under safety first strategy it also selects a solution that has high 249 performance in distance reduction as shown in table 5. Among all methods, short distance travel 250 preference based FAHP can plan the minimum travel distance path. And safety preference based 251 FAHP plans a path that guarantees safe logistics process. The superiority of AHP-based path planning 252 is testified by comparing the performance of mobile robot navigation using APF-based method. And it 253 is demonstrated that FAHP compensates the weaknesses of AHP.
254
Conclusions
255
In this paper, a mobile robot path planning strategy based on multi-objective decision making 256 framework, Analytic Hierarchy Process (AHP), has been studied. The main advantage of AHP is that 257 decisions are made through definitions of importance among the objects being considered. However, 258 the conventional AHP, a nine-point scale is utilized to apply decision maker's preference about relative 259 importance between objectives. Therefore, AHP is inappropriate for making decisions under uncertain 260 conditions. In this study, FAHP was proposed to compensate for the weakness of AHP. Through 261 simulations, mobile robot path planning performance based on AHP was verified. The application 262 of the FAHP method also confirmed the overall improvement in navigation performances such as 263 distance of travel, collision safety, and rapid rotation.
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